The digestion of E. coli 16S RNA with a single-strand-specific nuclease produced two fractions separable by gel filtration. One fraction was small oligonucleotides, the other, comprising 67.5% of the total RNA, was highly structured double helical fragments of mol. wt. 7,600.
INTRODUCTION
The smaller subunit of the bacterial ribosome consists of a single molecule of RNA non-covalently associated with some twenty different protein molecules to form a compact ribonucleoprotein particle. This is assumed to have well-defined tertiary and quaternary structures. Much experimental effort has recently been directed towards isolating and characterizing the protein components of the subunit and the classical techniques of protein chemistry are currently being applied to the intact ribosome in order to gain information about the three-dimensional arrangement of the proteins within the particles and to identify those proteins actively involved in the more functional aspects of the subunit in protein synthesis (for reviews see [1] [2] [3] [4] .
The primary sequence of 16S RNA is now almost completely known .
The details of the secondary structure are less well-defined, being were layered onto a 10-3O% sucrose gradient, (Ribonuclease-free sucrose, Cambrian Chemicals Limited, Croydon, England) followed by an overlay of TM buffer (100 mis) and centrifuged at 35,000 r.p.m.
for 6g hours. Fractions from the gradient containing 30S subunits were pooled, dialysed against TM buffer to remove sucrose and concentrated to 3-4 mg ml" either by centrifugation at 200,000g or with an Amicon 402 ultra-filtration cell.
Sedimentation Coefficients
Measurements were carried out at 20° in a Beckman Model E ultracentrifuge using either schlieren or ultraviolet absorption optics.
Molecular Weights
Apparent molecular weights were determined by the conventional sedimentation equilibrium method using ultraviolet absorption optics. RNA was prepared by precipitation with 66% acetic acid using the method of Waller and Harris . The precipitate was resuspended in 0.15M NaCl, 15mM sodium citrate, lOmM EDTA, pH 7.0, and dialysed against TM buffer overnight. Alternatively, the RNA was extracted from the subunits by shaking twice with two volumes of water-saturated phenol containing 2.5% tri-isopropyl-naphthalene-sulphonic-acid
The aqueous phase containing the RNA was then dialysed against TM buffer. No differences were observed in the properties of the 16S RNA prepared by the two methods.
Preparation of the Endonuclease
The enzyme was prepared and assayed as described by Kasai The digestion products were separated on a column of 
The elution p r o f i l e s of the column were analysed and peak areas measured on a Oupont 310 curve analyser.
Polyacrylamide Gel Electrophoresis
Polyacrylamide gel electrophoresis of RNA fragments was carlo ried out by the method of Peacock and Dingman .
R N A (30-50&ig) was loaded on to gels (0.6 x 10 cm) consisting of 3% or 10% acrylamide, and 0.5% or 0.15% N,N* methylenebisacrylamide and electrophoresed at 150 V.cm for 3 hours. The gel and running buffer was 90mM TrisBorate, 2.5mM EDXA. The gels were stained in 0.2% methylene blue and destained in water. The bands were scanned in a Gilford gel scanner at 540 nm. 16s RNA from E.coli and unfractionated E.coli tRNA (from M.R.E., Porton) were used as molecular weight standards.
This latter sample contained a significant proportion of a species which we have identified, on the basis of its sedimentation coefficient, as 5S RNA. This served as a third molecular weight standard.
The mobilities of these last two species were consistent with this identification and with their relative mobilities deduced from the 19 calibration curves of Peacock and Dingman
Sucrose Gradient Centrifugation
Enzyme-digested 30S subunits were analysed by density gradient sedimentation through a 5-20% sucrose gradient in a Beckman SW50.1 rotor. Samples (O.4 ml) were layered onto gradients (4.6 ml) and centrifuged for 12 hours at 45,000 r.p.m. (225,000 x g). Immunoglobulin G (7S) and cytochrome C (1.6s) were used as markers.
Fractions (0.15 ml) were collected and analysed for RNA and protein.
RESULTS

Action of Endonuclease on 16S RNA
16s RNA (1-2 mg.ml" ) was incubated with enzyme at 35 for 15 1 and the digestion products separated on sephadex G100 ( However, chromatography on Sephadex G100 revealed two fractions, the major one eluting at the exclusion volume, and a minor fraction eluting with a retention coefficient of 0.95 comprising 10% of the total nucleotide. The dichoic spectrum of the first fraction was very similar to that of native subunits. The spectrum of the minor fraction had a low maximum at 275nm, and resembled the spectrum of fraction III from 16S RNA. This, together with its retention coefficient on Sephadex, suggests that it is low molecular weight oligonucleotide formed from the limit degradation of single-stranded regions of the RNA which are accessible to the enzyme in the intact 30S subunit.
Native 30S subunits were digested with enzyme as above and then unfolded by overnight dialysis against lOmM Tris-HCl, 4mM EDTA pH 7.5. The digested unfolded subunits sedimented as a sharp boundary with a sedimentation coefficient of 10S. The sedimentation coefficient increased to 25-30S on dialysis back into TM buffer or on addition of lOmM MgCl_. Native subunits, or control subunits in which polyvinylsulphate had been added at zero time to inhibit the enzyme, were unfolded to a 12S species and refolded to 30S particles following similar treatment. When digested subunits were heated to 96° in 4% formaldehyde, a treatment which irreversibly disrupts the secondary structure of the RNA, they were found to have degraded to small fragments with a sedimentation coefficient of less than 2S. By contrast the controls gave a single species sedimenting at 10-12S.
These results show that enzyme treatment leaves the RNA in the native subunit in an apparently intact state. However, the integrity is only maintained by the secondary structure of the nucleic acid since the enzyme has introduced hidden breaks at frequent intervals along the RNA phosphate ester chain which are revealed when the nucleic acid is thermally denatured. However, these breaks are not apparent when the subunit is unfolded, without denaturation of the RNA, in EDTA. Over 70% of the RNA may be accounted for in these three components.
Band a (molecular weight 3. sample of unfolded, digested ribosomes was chromatographed on Sephadex G200 the proportion of material which absorbed at 260run and which excluded from the column was the same as on the G100 column.
This implies that fraction I consists of fragments having a molecular weight of at least 250,000. On this basis fraction I represents over one quarter of the total mass of the subunit.
The. dichroic spectrum of fraction I is shown in Fig.7 . The spectrum is similar to that of the native subunit except that the minimum at 220nm is much larger because of the higher proportion of protein.
The maximum at 265nm is characteristic of double-stranded
RNA. An analysis was made of the time course of the production of fraction I assuming that the degradation was a first order process.
The semi-log plot showed that there were two distinct kinetic The digestion products were analysed by density gradient sedimentation through sucrose. The gradient profile is shown in Fig.   8 . About 15% of the 260nm absorbing material sedimented as a discrete peak with a sedimentation coefficient of 7S. The protein:
RNA ratio of the 7S species was 1.0. The major RNA peak, containing about 8O% of the total RNA, sedimented slightly behind the 1.6S
marker whereas most of the protein sedimented slightly ahead at The properties of fractions II and III were identical to those of the corresponding fractions from the digest of 16S RNA. Fraction II contained virtually no protein and its dichroic spectrum (Fig. 7) and melting profile were indistinguishable from those of fraction II from 16S RNA. It could be resolved into two subfractions having similar retention coefficients and similar sedimentation coefficients (1.4S and 2.IS) to those from 16S RNA. Fraction III which was maximally retained by Sephadex G100 gave a dichroic spectrum typical of unstructured RNA and appears to consist of small oligonucleotides.
At. the limit of digestion the ratio of fraction II to fraction III was 2:1. Fraction II contains fragments of RNA which are resistant to the enzyme because they are highly structured. These may be identified with the double helical regions of the hairpin loops.
Fraction III consists of small oligonucleotides and represents degradation products arising from the single-stranded regions.
Thus the proportion of secondary structure in that part of the 16S RNA which can be attacked by the enzyme in the unfolded subunit
should be approximately equal to the ratio of fraction II to fraction III in the limit digestion, i.e. 67%. This is identical to the value for the overall amount of secondary structure in 16S
RNA and shows that the structured regions must be fairly evenly distributed along the RNA molecule.
The proportion of secondary structure in 23S RNA is similar to that in 16S RNA. It has been estimated that there are 43 helical sections of RNA in the 50S subunit with a molecular weight of 13' 15,700 corresponding to about 25 base pairs .
Thus the helical sections in 16S RNA are about half the size of those in 23S RNA.
It seems very unlikely, on thermodynamic grounds, that these helical sections are arranged in an irregular manner within the mass of the subunit. The fairly uniform size found for the helical structures in both subunits suggests that within each subunit the helices 'crystallise' together to form close-packed arrays of the type described for RNA fibres . The intermolecular interactions between the helices may be stabilised by divalent metal ions whose removal would lead to the highly cooperative transitions observed
